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Our current knowledge of the pathways and genes involved in 
the biosynthesis of the methanogenic coenzymes methanopterin, 
coenzyme B, methanofuran, coenzyme P 420 » and coenzyme Mis pre- 
sented. Proposed reaction mechanisms for several of the novel re- 
actions involved in the pathways are presented, e 2001 Ataxic pm*. 



L Introduction 

This review on the biosynthesis of the methanogenic cofactors in the 
methanoarchaea will constitute an update of published and unpub- 
lished work on this topic since it was last reviewed in 1993 (White and 
Zhou, 1993). The structures of the cofactors are shown in the figures 
and include methanopterin, coenzyme B, methanofuran, coenzyme F 420 , 
and coenzyme M. These coenzymes are referred to as the methanogenic 
coenzymes, because each functions as a catalyst in the biochemical re- 
duction of C0 2 or acetate to CH 4 (DiMarco et al, 1990). 

The present status of work on each of the coenzymes will he present- 
ed using the figures, which show the biosynthetic pathways, as the fo- 
cus of the discussion. Most of the work reported involves the cloning and 
overexpression of Methanx>coccus jannxischii gene products. Because 
they are derived from the smallest hyperthermophilic autotrophic 
methanogenic archaeal genome currently sequenced, and therefore 
fewer genes have to be considered, identification of the desired genes is 
more likely. We have also confirmed that M. jannaschii contains the 
coenzymes that are discussed in this chapter (Graupner and White, 
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2000). Furthermore, purification of the ovcrcxpressed enzymes in 
cherichia coli is easily accomplished since most of the JS. coli proteins 
precipitate on heating, whereas the M. jannaschii proteins — being 
from a hyperthermophile — do not precipitate. Measurements of the 
biosynthctic reactions of the overexpressed enzymes have been per- 
formed with extracts of Methanosarcina thermophila, because these 
cells consistently show higher activities than those observed with oth- 
er methanoarchaea. 
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II. Biosynthesis of Mkthanoftkiun 

Methanopterin (MPT), in its tetrahydro reduced state, functions as a 
C x carrier coenzyme in methanogenesis (DiMarco et aL, 1990; Weiss 
and Thauer, 1993; Thauer, 1998) in a capacity analogous to that seen 
in folate biochemistry, where 5 iV-formyltetrahydrofolate is converted to 
5 AM°iV-methylene-tetxahydrofolate and finally to 6 iV-mcthyltetrahy- 
drofolate (Matthews, 1996). On the baisis of chemical and stereochem- 
ical (White, 1996b) similarities between the structures of tetrahydrofo- 
late and tetrahydromethanopterin, some common connections between 
the biosynthesis of these two cofactors were considered likely. These 
connections have been confirmed by a series of early labeling experi- 
ments, which show that GTP (I) is the precursor of the pterin and that 
4-aminobenzoic acid is the precursor of the arylamine portion of the 
molecule (White and Zhou, 1993). 

Of the seventeen reactions involved in the biosynthesis of the reduced 
form of methanopterin (XXI) (Fig. 1), all reactions but the one analo- 
gous to the dihydrofolate reductase, reaction 17, have been demon- 
strated to occur in cell extracts of M. thermophila (White, 1990, 1996a), 
an organism containing earcinapterin, an analog of methanopterin. The 
steps in the biosynthesis of MPT in Metkanobacterium thcrmoau- 
totrophicum strains AH and Marburg have been shown to be essential- 
ly the same as those established for M. thermophila, demonstrating the 
universal occurrence of this pathway in the methanogens (White, 
1998). 

So far, only three genes in the Methanopterin biosynthetic pathway 
(Fig- 1) have been identified in Methanococcus jannaschii: MJ0798, 
MJ0301, and MJ1425. The enzyme derived from gene MJ0798 cat- 
alyzes reaction 1 in Fig. 1; that from MJ0301, reaction 7; and that from 
MJ1425, reaction 18. Each of these genes has been confirmed by the 
overexpression of the gene product and by establishing that i t catalyzes 
the desired reaction. 
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The biosynthetic pathway to MPT begins with the removal of the C- 
8 carbon of GTP (I) to form triaminopyrimidine triphosphate (PTP, II), 
a previously unidentified natural product. The removal of the C-8 car- 
bon of GTP is a common feature of both the GTP cyclohydrolase I reac- 
tion, involved in neopterin biosynthesis (Green et aL, 1996), and the 
GTP cyclohydrolase II reaction, involved in riboflavin biosynthesis 
(Bacher et aL } 1996) in both bacteria and eukaryotic organisms. The re- 
actions required for the archaeal transformation are consistent with 
the first two mechanistic steps involved in the bacterial GTP cyclohy- 
drolase II reaction (Foor and Brown, 1975) but are not consistent with 
the GTP cyclohydrolase I mechanism (Nar et at., 1995), The formation 
of compound II has been shown in our laboratory to be catalyzed by the 
enzyme encoded by the M Jannasckii gene MJ0798. Compound II is not 
an intermediate in the GTP cyclohydrolase I or II enzymatic reactions, 
but it is an intermediate in methanopterin biosynthesis in M. ther- 
mophila (Howell and White, 1997). Compound II would, however, ap- 
pear to serve as a common precursor for methanopterin, riboflavin, and 
coenzyme F 420 in the methanoarchaea (see later). The methanoar- 
chaeal GTP cyclohydrolase may in fact be related to GTP cyclohydro- 
lase II, the first enzyme in bacterial riboflavin biosynthesis, since it has 
been identified by a 21-amino acid sequence with 25% identity to the 
Escherichia colt GTP cyclohydrolase II. The enzyme also has an 81- 



Fic. 1, Pathway and genes involved in the IriosyntheKis of 5,6,7,8-tctrahydro- 
methanopterin (XXI). In ail the figures included in this review, intermediates are indi- 
cated by roman numerals, reactions by underlined numbers, and reactions that have 
been confirmed in cell extracts and/or with the cloned gene products by circled under- 
lined reaction numbers. Reactions for which the genes have been assigned arc indicat- 
ed by the Af. jannauchii gene number or the gene name, if this has been assigned. The 
gene numbers refer to genes assigned in M.jannaschii (Bult ct al. 3 1997). I, Guanusine 
triphosphate; II* triaroioopyrimidine triphosphate; III, 7,8-dihydroneopterin 2':3'-cyclic 
phosphate; IV, 7,8-dihydmncoptcrin 3'-phosphatc; V, 7,8-dihydroneopterin; VT, gly- 
colaldehyde; VII, 6-hydroxymethyl-7,8-dihydropterin; VIII, 6-hydroxymethyl-7,8-di- 
hydropterin pyro-phosphate; IX, 4-O-D-ribofuranosyDaminobenzene 6' -phosphate; X, 
5-phospho-fl-D-ribosyl-l-pyrophosphate; XI, 4-arcrinobenzoic acid; XII, 7,8-dihydro- 
pterin-6-yimethyl-4-(p-rj-ribofuranosyl> amiuobenzene S'-phospliate; XIH, 7,8-dihy- 
dropterin-6-ylmethyl-l-(4-ammopticnyl^l-deoxy-D-ribitol 5'-pho8pbate; XTV, 7,^-dihy- 
d^pterin-^ylraethyl-H4-ammophenyl)-l-deoxy-l>rn>itol; XV, 7,8-dihydropterin-6-yl- 
methyl- l-(4-aminophenyl)- l-deoxy-5-f 1-a-D-ribofuranosyl 5' -phosphateJ-D-ribitol ; XVI, 
7,B-dihydropierin-<vylmeubyl-l-(4-ammoph^ 5 '-di- 

phosphate J-D-ribitol; XVII, 7,8-djhydropterin-6-ylmcthyl- l-<4 -aminophenyl )-l-deoxy- 
5-[l-«-i>ribofuranosyI 5'-triphosphate3-i>ribitol; XXII, n-ketoglutarale; XXIII, (Sy 
2-hydroxyglutaric acid; XVITI, didemethylated 7,8-dihyd^methanoptcrin; XIX, 
monomethylated 7,8-dihydrometh-anopterin; XX, 7,8-dmydromethanopterin; XXI, 
5,6,7,8- tetrahydromethauopterin. 



From (613) 991-2760 Order # 05978561DP04963736 Tue 24 Dan 2006 10:49:54 AM EST Page 5 of 40 




From C613) 991-2760 Order # 05978561DP04963736 Tue 24 3an 2006 10:49:54 AM EST Page 6 of 40 

Si" 




From (613) 991-2760 



Order # 05978561DP04963736 Tue 24 Dan 2006 10:49:54 AM EST 



Page 7 of 40 



304 



ROBERT H. WHITE 



amino acid sequence having 21% identity with the putatively identified 
Archaeoglobus fulgidus GTP cyclohydrolase II derived from AF0484 
(Klenk et al. , 1998). We have named the M. jannascku enzyme "GTP cy- 
clohydrolase Iir since the product of its enzymatic reaction, compound 
H, is different from that produced by either GTP cyclohydrolase I, 
which produces 7,8-dihydroneopterin triphosphate, or GTP cyclohy- 
drolase II, which produces triaminopyrimidine monophosphate (I in 
Fig. 9) (Howell and White, 1997). 

Compound II is then converted to 7,8-dihydroneopterin 2':3'-cyclic 
phosphate (III) (Fig. 1, reaction 2), an intermediate identified by incu- 
bating a cell extract of M. thermophila with GTP (Howell and White, 
1997). A proposed mechanism for this reaction is shown in fig. 2. Hy- 
drolysis of the cyclic phosphate in compound lH (reaction 3 in Fig. 1) 
leads to 7,8-dihydroneopterin 3 '-phosphate (IV), which is then hy- 
drolyzed to 7,8-dihydroneopterin (V) by an unknown phosphatase (re- 
action 4 in Fig. 1). 

The next two reactions in MPT biosynthesis (reactions 5 and 6 in Fig. 
1) are identical to the reactions in folate biosynthesis and would be ex- 
pected to be catalyzed by dihydroneopterin aldolase and by 6-hydroxy- 
methyldihydropterin pyrophosphokinase, respectively. For both of 
these reactions, the bacterial genes are known (Lopez and Lacks, 1993; 
Talarico et at., 1992), and the X-ray crystal structure for the enzyme cat- 
alyzing both reactions 5 and 6 has been reported (Hennig el aL, 1998, 
1999; Xiaoe* al., 1999; Stammers etaL, 1999). Despite this information, 
none of the genes for these enzymes can be found in the genomes of 
the archaea M. jannaschii, M. tkermoautotrophlcum strain. AH, or A. 
fulgidus, based on sequence comparisons. It would appear that either 
nonorthologous enzymes are responsible for catalyzing these reactions 
in the methano archaea, or the sequences of the enzymes have diversi- 
fied to such an extent that they cannot be detected by sequence com- 
parisons. 

The next reaction in the pathway (reaction 7 in Fig. 1) is the conden- 
sation of 6-hydroxymethyl-7,8-dihydropterin pyrophosphate (VIII) 
with 4-(p-D-iibofuranosyl)aininobenzene 5 '-phosphate (£-RFA-P, IX) to 
form XII. This reaction is mechanistically analogous to the 7,8-dihy- 
dropteroate synthase in bacterial folate biosynthesis (Green et aL 9 
1996), but it utilizes IX in place of 4^aminobenzoic acid (XI) or N-{p- 
aminobenzoyl)-L-glutamic acid. Again, no gene with sequence homolo- 
gy to the 7,8-dihydropteroate synthase can be readily identified in the 
archaeal genomes. The gene encoding the enzyme has been identified 
however, using a novel computer program, ORF (an acronym for Os- 
tensible Recognition of Folds), developed by Aurora and Rose (1998) for 
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Fig. 2. Proposed intermediates in the conversion of triarainopyrimidine triphosphate 
(II) to 7,8-dihydroneopterin 2' :3 '-cyclic phosphate (III), n, TYianiinopyrinudine triphos- 
phate; III, 7,8-dihydraneopterin 2':3' -cyclic phosphate; XXV and XXVT are proposed in- 
termediates hi the pathway. 
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the identification of genes in genomic databases. This program can 
identify open reading frames with low sequence homologies based on 
their predicted secondary structure distributions when compared with 
secondary structure distributions of a known enzyme. The enzyme 
identified in this search, derived from MJannaschii gene MJ0301, has 
only 19.9% sequence similarity to the fungal 7,8-dihydropteroate syn- 
thase from Pneumocystis carinii. The enzyme has been overexpressed 
and shown to catalyze reaction 7 (Fig. I; Xu et aL, 1999). The enzyme 
does not catalyze the formation of 7,8-dihydropteroate from XI and 
VIIL This is al60 found to be true for gene product of MJG107, which 
has been putatively assigned as a 7,8-dihydropteroate synthase (Bult 
et aL, 1997). The discovery that the M. jannaschii thymtdylate syn- 
thase, derived from MJ0757, uses methylenetetrahydrofolate as the co- 
factor for the formation of dTMP (Xu et aL, 1999) is surprising because 
the methanoarchaea are considered to lack folates (Leigh, 1983; Wor- 
rell and Nagle, 1988). 

One of the unique steps in the MPr biosynthetic pathway (reaction 
8 in Fig. 1) is the condensation of XI with 5-phospho-a-n-ribosyl diphos- 
phate (PRPP, X) to produce K. This reaction, catalyzed by the M. ther- 
mopkila (3-RFA-P synthase, is unique among known phosphoribosyl- 
transferases (PRTkses) in that a decarboxylation of one of the substrates 
(XI) occurs during the reaction, and a C-riboside rather than a N-ribo- 
side is formed at the site of the decarboxylation (Rasche and White, 
1998). The enzymatic reaction is very specific for XI, with 4-hydroxy- 
benzoic acid serving as the only alternate substrate. This reaction is, 
however, analogous to other PRTase reactions in that pyrophosphate is 
released as a product of the reaction and the reaction proceeds with a 
net inversion of sterochemistry at C-l of the ribose, as shown in Fig. 3. 
Evidence for this mechanism was obtained by the NaCNBH^ reduction 
of intermediate 1 to p-i>ribofuranosylbenzene 5'-phosphate (Rasche and 
White, 1998). 

Compound XII is reduced to compound XllI (reaction 9 in Fig. 1) in 
a reaction stimulated by the addition of FMN or coenzyme F 420 to the 
reaction mixture (White, 1996a); as with reaction 10, no information is 
available concerning the enzymes or genes for these reactions. A possi- 



Pig. 3. Mechanisms for reactions 8 and 11 (see Fig. 1) in methanopterin biosynthesis. 
IX, 4^p-D-Ribofuranosyl)aniiiK)beiu&ene 5'-ph«Kphate; X, 5^phaspho-B-r>-ribosyl- ^py- 
rophosphate; XI, 4-arainobenzoic acid; XXVII, oxonium ion formed by the Iors of py- 
rophosphate from PRPP; XIV, T^dihydropterin-e-ylmethyM-Ci-aininophenyD-l-deoxy- 
D-ribitol; XV, 7,8-diTiydtT^terin^ylmethyi-^ 
5'-phosphateI-D-ribilol; XXVIII, intermediate I. 
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ble mechanism for this reaction would involve the intramolecular elim- 
ination of an alcohol in XII to form a substituted methylene qui none 
imine (XXIX) that would then be reduced to compound XIII (Fig. 4). 

Reaction 11 in Fig. 3 is another unique biochemical reaction for a 
PRTase since the product of the reaction, XV (XIII with an a-linked ri- 
bose phosphate in place of the terminal phosphate), contains an a- 
linked ribosyl group. All previous known examples of PRTase products 
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Fro. 4. Mfichanisms for reaction* 9. 12, 13, and 14 (see Fig. 1) in raethanopterin 
biosynthesis. XII, 7,8-Diliy<iropterin^yimethyl-4-(3-i>ribofuran<^l)amjnobenzene 
5' -phosphate; XIII, 7,tJ-dihydropterin-6-ylmethy] - M 4-aminophenyl)-l -deoxy-D-ribitol 
5 '-phosphate; XV, 7,8-dihydropterin-6-ylTnethy1-l-(4 -aimnophenyl VI -deoxy-5-[ I -a-rvri- 
boturanoHyl 5'-ph<>sphHtel-n-rihitol; XVI, 7,8-dihydropterin-6-ylniethyi-l-<4- amino- 
phenyI)-l-deoxy-5-fl-a-D-ribofuraiH>sj'i 6'-diphosphatci-D-iibitol; XVH, 7,8-dihydrop- 
t^in^ylmethyl-l-(4-ammophenylM 5'-triphosphate3-<>- 
ribitol; XXIII, CSV2-hya>oxygiutaric acid; XVm, didemethylated 7.8-dihydromethanopterin. 
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are ^-ribosides (Musick, 1981). Considering the expected mechanisms 
of these reactions, which likely involve as a first step the generation of 
a C-l oxonium ion on the ribose as shown in Fig. 3 (Murry et aL t 1997), 
it is easy to see how an enzyme could evolve from an existing PRTase 
by simply allowing the nucleophilic portion of the substrate — in our 
case the primary hydroxyl group — to approach from the o side. If this 
is the case, then the enzyme could have easily evolved from a member 
of the known PRTase family of enzymes. 

Although the exact mechanism for the conversion of XV to XVIII is 
not presently known, considering the chemistry involved one would as- 
sume that XV is converted to XVI with an enzyme possibly related to a 
nucleoside monophosphate kinase. The resulting XVI would then be 
further phosphorylated to XVU by an enzyme related to a nucleoside 
diphosphate kinase. Finally, displacement of pyrophosphate with the 
hydroxyl group of XXIII would lead to XVII L This proposed mecha- 
nism, shown in Fig. 4, is of course the same as that used by nature in 
the biosynthesis of the phosphodiestcrs in nucleic acids and further con- 
firms an early metabolic connection between the biosynthesis of coen- 
zymes and that of nucleic acids (White, 1976). 

Labeling experiments with cell extracts of M. thermoautotrophicurn 
strain AH and Marburg and M. thermophila strain TM-1 have estab- 
lished that the sites in the overall sequence of reactions from II to 
5,6,7,8-tetrahydromethanopterin (XXI)— where the S-adenosylmethio- 
nine (SAM)-dependent C-9 and C-7 methylations of the pterin-contain- 
ing intermediates occur — are dependent on the species of methanoar- 
chaea (White, 1998). T have proposed that MJ0563 and/or MJ1200, 
putatively identified as DNA-cytosine methyltransferases, may be the 
genes encoding the enzymes responsible for these methyiation reac- 
tions (reactions 15 and 16 in Fig. 1) (White, 1998). This idea is sup- 
ported by the observation that these methanoarchaea do not contain 
5-methylcytosine-modified bases (J. A. McClosky, personal communi- 
cation, 1996). Since tlie methylations are sensitive to thiol reagents, a 
mechanism requiring the addition of the thiol to the different enamine 
isomers of the dihydropterin, as shown in Fig. 5, has been proposed 
(White, 1998). This reaction mechanism is analogous to that proposed 
for thymidilate synthase (Carrcras and Santi, 1995) and 2'-deoxy- 
uridylate hydroxymethylase (Kunitani and Santi, 1980). It has also 
been demonstrated during this work that cells of Af. thermautotroph- 
icum strains AH and Marburg contain significant amounts of meth- 
anopterin that lacks the phosphate and 2-hydroxyglutaric acid groups 
(White, 1998). 

Given that the absolute stereochemistry of the hydroxyglutaric acid 
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present in MPT has been established as (S)-hydroxyglutaric acid (XXI- 
II) (Solow and White, 1997a), it is considered likely that this moiety of 
MPT is produced by the reduction of u-ketogiutaric acid by a lactate/ 
malate dehydrogenase-like enzyme. The M. jannaschii genome con- 
tains two genes predicted to produce homologs of the lactate/malate de- 
hydrogenase group of enzymes, MJ0490 and MJ1425. We have cloned 
and overexpressed the enzyme derived from each of these genes and 
have determined that the protein derived from MJ1426 functions as an 
a-ketoglutarate reductase, producing XXIII by the NADH-dependent 
reduction of a-ketoglutarate (XXII) (Graupner ct al. t 2000). Thus, this 
enzyme is very likely involved in the production of die XXIII moiety of 
the side chain of methanopterin (reaction 18 in Fig. 1). This same en- 
zyme also reduces sulfopyruvate to i^sulfolactate and thus functions in 
the biosynthesis of coenzyme M (see later). 

Many additional analogs of methanopterin function throughout the 
archaea (White, 1993a,b, 1997), and methanopterin has now been 
found in organisms outside of the archaeal domain (Chistoserdova ct 
aL, 1998; Poraper et aL, 1999). Since the structures of all of these mod- 
ified folates have common features, they will surely be found to have 
related biosynthctic pathways. 



III. Biosynthesis of Coenzyme B 

The biochemistry of the steps involved in the conversion of a-keto- 
glutarate and acetyl coenzyme A (acetyl-Co A) to a-ketosuberate, a pre- 
cursor of coenzyme B [7-mercaptoheptanoylthreonine phosphate (CVH)] 
and of biotin, in Methanosarcina thermophila, and its further conversion 
to coenzyme B, is shown in Fig. 6. Most of the enzymes or genes involved 
in the pathway are now established and are indicated in Fig. 6. The 
biosynthesis of the alkyl portion of coenzyme B and biotin in the ar- 
chaea is an interesting dilemma, considering that these cells contain no 
fatty acids (Kates, 1993) and have no genes homologous to the fatty acid 
synthases (Bult et aL, 1997). 

Several years ago, a pathway for the formation of the 7-mercapto- 
heptanoic add (CV) moiety of coenzyme B (CVH) was proposed based 
on 13 C-labeling studies and the identification of a-ketoglutarate (XXII), 
a-ketoadipate (XCV), a-ketopimelate (XCIX), and u-ketosuberate (CIII) 
in a series of methanoarchaea (Whi te, 1989a,b). In the proposed pathway 
the repeated application of the a-ketoacid chain elongation series of re- 
actions was used to increase the number of methylenes from two, as 
found in XXII, to five, as found in the product, CHL Compound CIII 
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then serves as a precursor to the biosynthesis of the 7-mercaptohep- 
tanoic acid (CV) moiety of coenzyme B (White, 1989c). The process 
thereby represents another route to the biosynthesis of fatty acid-like 
compounds from acetate, adding only the methyl carbon of acetate with 
each cycle of the process. 

Oddly, these series of reactions have been found to begin with the con- 
densation of XXII and acetyl-CoA (XC) to form frans-homoaconitate 
(XCI) (Fig. 6, reaction 1). The resulting compound XCI is then hydrat- 
ed and dehydrated to XCm, with (S)-homocitrate (XCII) serving as an 
intermediate (reactions 2 and 3 in Fig. 6). The formation of XCI has 
been shown to be catalyzed by the protein product of the M. jannaschii 
gene MJ0503, which is homologous to homocitrate synthases. The un- 
usual aspect of this reaction is that the product of the reaction is not 
the expected (J? homocitrate but XCI produced by the dehydration of 
the expected product homocitrate. Considering the homology between 
this enzyme and homocitrate synthase, we must conclude that the en- 
zyme catalyzes not only the condensation between XXII and XC but 
also a dehydration reaction, genera ti ng the observed product XCI. Odd- 
ly, this same enzyme has been observed to catalyze the formation of (/2V 
(homo) 2 citrate (XCVI) and (RMhomo) 3 citrate (C) from their respective 
reactants without the dehydration step occurring (Howell et al. 9 1998). 
It would appear that the enzyme has evolved to specifically catalyze the 
required series of elongation reactions shown in Fig. 6. 

The discovery of the presence of both XCII and XCI in the cell ex- 
tracts of M. therrnophila, as well as their production in the incubation 
mixtures, is unexpected since neither of these compounds has ever been 
previously reported as a natural product. Their discovery complicates 
the expected simplicity of the formation of (-^f/ireo-isohomocitrate 
from a-ketoglutarate and acetyl-CoA, a process expected to occur via 
cis-homoaconitate (XCIII) and (fl)-homocitrate, as in the biosynthesis 
of lysine via the o>ketoadipate pathway (Rodwell, 1969). 

Knowing that the precursor to the a-ketoadipate (XCV) is XCIV, the 
same isohomocitratc isomer that is involved in lysine biosynthesis, and 
knowing that only trans additions and eliminations of water are in- 
volved in the interconversions of the intermediates (Gawron and Ma- 



acid; XCIX, u-ketopimelate, 2-oxoheptanedioic acid; C, (RMhomo^citrate, 2-hydroxy- 
1,2,6-hexanetricarboxylic acid; CI, cis-(honK)) 3 ac6nitate, ,2,6-hex-l-enetricarboxyIic 
acid; CIT, <-)-fAroo-i$»(homo) 3 citxate, C2R, 3SH -hydroxy- 1, 2, 6-hexanetricarboxyiic acid; 
CIH, o>ketosuberate, 2-oxooctanedioic acid; CIV, 7-oxoheptanoic acid; CV, 7-mercapto- 
heptaaok acid; CVI, 7-mercaptoheptanoyl threonine; CVII, coenzyme B, 7-mercaptohep- 
tanoylthrconine phosphate. 
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hajan, 1966), the reaction sequences 2, 3, and 4 shown in Fig. 6 have 
been proposed to account for the first set of reactions in the pathway. 
This pathway accounts for the formation of all of the intermediates ob- 
served. Reactions 2 and 3 would not be expected to be carried out by an 
enzyme homologous to aconitase or homoaconitase, since these en- 
zymes use only XCIII and (tf)-homocitrate as substrates (Beinert ei aL, 
1996). This idea has been strengthened by demonstrating that the two 
summit aconitases formed by the different combinations of the proteins 
encoded by MJaTuiaschil genes MJ1003, MJ1271, MJ0499, and MJ1277 
have not been found to catalyze reactions 2 and 3. Reaction 4, however, 
is that expected for an aconitase or a homoaconitase-Hke enzyme and is 
catalyzed by mixtures of these enzymes. It is possible that reaction 3 in 
Fig. 6 is catalyzed by the aconitate hydrase described by Neilson 
(1956a,b). Unfortunately, this enzyme appears to have never been pu- 
rified nor isolated in a pure (brm; therefore, no information is current- 
ly available as to the stereospecificity of its reaction mechanism. Reac- 
tion 2 in Fig. 6 could be catalyzed by an enzyme related to mesaconase, 
an enzyme that catalyzes the reversible addition of water to mesaconate 
(^mns-l,2^prop-l^nedicarboxylic acid) to form (S)-citramalate (Flint and 
Allen, 1996; Wang and Barker, 1969). The direct conversion of XCI to 
XCIII with an enzyme analogous to aconitate isomerase is not possible 
on mechanistic grounds (Klinman and Rose, 1971). 

Rehydration of XCIII produces (-H^eo-isohomocitrate (XCIV), 
which undergoes a NAD-dependent oxidative decarboxylation to pro- 
duce XCV. This reaction, which is analogous to an isocitrate dehydro- 
genase reaction, has been shown to he catalyzed by the protein product 
of the MJannaschii gene MJ1596 (Howellerf al., 2000b). This gene prod- 
uct, now designated as AksF, and its homolog MJ0940 — both original- 
ly assigned as isocitrate dehydrogenase (Bult el al., 1997) — in fact do 
not catalyze the isocitrate dehydrogenase reaction with isocitrate as a 
substrate. The XCV resulting from this reaction then undergoes two 
consecutive sets of o>kctoacid chain elongation reactions to produce CQL 
In each of these sets of reactions, it has been shown that the homologs of 
cts-homoaconi tatc , homocitrate, and (~)-£/ireo-isohomocitrate serve as 
intermediates. The gene product of MJ0503 also catalyzes the condensa- 
tion of XCV or XCIX with acetyl-CoA to form the (H)-homocitrate ho- 
mologs of (i2>2-hydroxy-l,2 J 5-pentanetricarboxylic acid and of (R>2-hy- 
droxy-l,2,6-hexanetricarboxylic acid, respectively. The aconitase-like 
enzyme formed from the protein product of MJ 1003 and MJ1271, desig- 
nated AksDE, catalyzes reactions 4, 7, 8, 11, and 12 (see Fig. 6). 

Compound CHI resulting from this series of reactions then under- 
goes a nonoxidative decarboxylation to form 7-oxoheptanoic acid (CIV) 
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(reaction 15), a precursor to coenzyme B, and an oxidative decarboxy- 
lation to form piraeloyl-CoA (reaction 14), the precursor to biotin. The 
7-oxo group of the 7-oxoheptanoic acid is then converted to a thiol by a 
previously described route (reaction 16) (White, 1989c). The details of 
the mechanism of this reaction are not presently understood, but they 
involve a protein-bound sulfur, derived from H 2 S, as the source of the 
sulfur. The resulting 7-mercaptoheptanoic acid (CV) is converted, by an 
ATP-dependent process, to 7-mercaptoheptanoyl-L-threonine (CVI) (re- 
action 17) (Solow and White, 1997b). The current evidence indicates 
that this reaction proceeds by the formation of 7-mercaptoheptanoyl 
phosphate by the transfer of the -v-phosphate of the ATP to CV. Reac- 
tion of the amino group of L-threonine with the 7-mercaptoheptanoyl 
phosphate produces CVL ATP-dependent phosphorylation of the CVI 
produces the final coenzyme B (reaction 18 in Fig. 6) (White, 1994). 
Growing cells of both Methanococcus voUa and M. tfiermophila have 
been found to readily incorporate CV and CVI into coenzyme B. In the 
case of CVI the incorporation proceeds without cleavage of the amide 
bond (White, 1994). 



IV. Biosynthesis of Methanofuran 

The most recent investigation relating to the biosynthesis of methanofu- 
ran has concentrated on the biosynthesis of the 1,3,4,6-hexaneter 
tracarboxylic acid (HTCA) portion of methanofuran (LXXXHI). A sum- 
mary of the present status of this work is shown in Fig. 7 and is in 
agreement with earlier labeling studies (Eisenreich and Bacher, 1992; 
Gorkovenko et aL, 1994; White, 1987). All of the circled reactions shown 
in the pathway have been confirmed by the synthesis of each interme- 
diate and by the demonstration that each is converted to one or more of 
the indicated intermediates, using cell-free preparations of M. ther- 
mophila (Howell et ai, 2000a). The pathway proposed for the biosyn- 
thesis of HTCA emerges in a logical manner from the intermediates de- 
tected in the methanogens, from the intermediates shown to be 
metabolized by cell extracts of M. thermophila, and from known infor- 
mation about biochemical reactions. The unusual aspect of the pathway 
is the cooccurrence of two different stereoisomers of the same compound 
functioning in a parallel manner in many of the steps in the pathway. 

The first step in the pathway is the synthesis of *ra/zs-homoaconitate 
(XCI) from XXXI and XC under the direction of the aksA gene product 
AksA (Pig. 7, reaction 1). This step is also the first step in the biosyn- 
thesis of o>ketosuberate 3 a precursor to the 7-mercaptoheptanoyl moi- 
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ety of coenzyme B, as discussed earlier in this chapter. Compound XCI 
thus represents a branch point metabolite leading to both coenzyme B 
and methanofuran. Trans addition of water to XCI produces duxerytluv- 
isohomocitrate (LX) (Pig. 7, reaction 2). This reaction involves the same 
trans addition that occurs with aconitasc and fumarase enzymes, but 
it proceeds with a trans substrate analogous to that observed with the 
enzyme mesaconase (Flint and Allen, 1996; Wang and Barker, 1969). 
Although there is currently no protein sequence information available 
for any mesaconase, the genomes of M.jannaschii (Bult et al., 1997), M. 
ihermoautotrophicum AH (Smith et aL, 1997), and A fulgidus (Klenk 
et aZ., 1998) each have two sets of genes (Discussed in Section III) ho- 
mologous to an aconitase or isopropylmalate dehydratase, with one 
member of each set containing the required [4Fe-4S] binding sites. We 
have cloned and overexpressed the enzymes from each of these M. jan- 
naschii genes and have demonstrated that no combination of any of 
these proteins catalyzes any of the dehydration reactions involved in 
HTCA biosynthesis. The enzyme catalyzing this reaction is, however, 
not unique to the archaca since E. coli cell extracts have also been 
shown to readily catalyze this reaction (R. HL White, unpublished re- 
sults, 1998). At present it has not been possible to establish which of 
the enantiomers of eryf/iro-isohomocitrate is used in this pathway, since 
no method has been devised for the synthesis or isolation of the differ- 
ent enantiomers of LX. However, this is the first report of the occur- 
rence and metabolism of an erytkro isomer of isohomocitrate in nature. 

The conversion of LX to the two different diastereomers of 1-hydroxy- 
1,3,4,5-pentanetetracarboxylic acid, LXIII and LXIV (Fig. 7, reaction 
4), can be viewed as taking place in two separate steps. The first step 
consists of the oxidation of the hydroxyl group of LX to a keto gro up to 
produce oxaloglutarate, which then condenses with XC to form LXQI 
and LXIV in the second step. These reactions would be analogous to 
those used by the combined action of malate dehydrogenase (EC 
1.1,1.37) and citrate synthase (EC 4.1.3.7). So far, it has not been pos- 
sible to show that oxaloglutarate is an intermediate in this reaction. We 
therefore propose that the oxaloglutarate is a protein-bound interme- 
diate as occurs in the isocitrate dehydrogenase-catalyzed reactions 
(Sieberte* al. t 1957). An unusual aspect of the ery*fcro-isohomocitrate 
reaction is that at least two different isomers are produced in the incu- 
bation, LXHT and LXIV. The production of these two i somers could be 
the result of two separate enzymes, one using (S)-oxaloglutarate (LXD 
and the other using (7?)-oxaloglutarate (LXII), or, more likely, it results 
by a single enzyme that is not sensitive to the stereochemistry at C-3 
of I,xT or LXII when carrying out reaction 4. It is interesting to note 
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that the C-3 hydrogen of oxaloglutarate is expected to be acidic, lead- 
ing to rapid racemization at this carbon. This fact could account for the 
mixture of reaction products observed. The production of LX11I and 
LXIV now generates a branch point in the biosynthetic pathway where 
these two different isomers are metabolized to the final HTCA product. 

The conversion of LXIII to (EM,3 t 4,5-pcnt-2-cnctetracarboxy1ic acid 
(LXV) and that of LXIV to (Z)-l,3,4,5-pent-2-enetetracarboxyhc acid 
(LXVID are simple dehydration reactions. Each reaction could be cat- 
alyzed by an enzyme with a mechanism analogous to that observed in 
either an aconitase- or a fumarase- type reaction and would be expect- 
ed to proceed by the trans elimination of water. The production of (Z)- 
1,3,4,5-pent-l-enetetracarboxyhc acid (LXVI) is also observed in these 
experiments and could arise by the trans elimination of water from the 
1,2 positions of either LXHL or LXIV- Although most fumarases are rel- 
atively specific for fumarate, hydration of a series of substituted fu- 
marates has been observed by Eck and Simon (1994b), and a related en- 
zyme could be involved in the proposed pathway. The dehydration 
reaction could have been carried out by one of the aconitases present in 
M. jannasckii discussed earner, but this has not been found to be the case. 



Fig. 7. Pathway for the biosynthesis of the 1,3,4,6-hexaoetetrdcarboxyUc acid moiety 
of me than of lira a. XXIi, a-Ketogiutarate; XCI, im/ts-homoaconitatc, 0k>l,2,4-but-l-en- 
etricarboxylic acid; LX, erytfi/xMSohoraocitrate, (lSj&2520-l-hycbmy-l l 2,4-butanetri- 
carboxyhc acid; LXI, (£>oxaloglutarate, 0^M-oKO-1^2,4-tmtaTielricarboxylic acid; LXII* 
OR)-oxalogluUirate, Cfl)-l-QXO-l,2,4-butanctricaTboxyIic acid; LXIII, erytliro-HPTCA, 
(2SR,35iJ)-2-hydroxy-l^,3^pentanetetracarhoxylic acid; LXIV, tfireo-HPTCA, (2RR, 
3/2S)-2-hydjt>xy-1AS,5-pentanete^ acid; LXV, (£)-2-PETCA, (£H,2,3,5- 

pcnt-2-enetetracarboxylic acid; LXVI, (2>1-PETCA, (Z)-l,2^ > 5-pen^l^netetracar- 
boxylic acid; LXVII, (Z)-2-PETCA, (Z)-l,2 ? 3,5-p«it-2-«netetracarboicyHc acid; LXVI1I, 
x^erythni-VTCA, L-erylhro A2R, 3S>1 ,2,3 ,5~pen tanc tctracarfaaxylic add; LXIX, ^Oirco- 
PTCA, L-i/ww-<2S t 35)-l,23,5-pentanetetracarboxylic acid; LXX, coenzyme A ester of 
L^^nH^S^H^^^-pentanetetracarbaxylk acid;L XXI, L-ryfo-HHTCA, (1S,3S,4SJ- 
l-hydroxy-l,3,4,6-hexanetetracarbnxylic acid; Lxxii, aienzyme A ester of l-UltcQ' 
(2S,3S)-l^,3 t 5-pentanetetracarboxyiic acid; LXXHJL, i^/ytfz/t) KHTCA, (3K,4SVl-oxo-l, 
3,4,6-hexanetetracarboxylic acid; LXXTV, L-i/ineo-KHTCA, (3S,4SH-oxo-l,3,4,G-hexa- 
nctctracarboxylic acid; LXXV, iwrrn&ino-HHTCA, (lH,3K,4SV1-hydroxy-l,3,4,6-h«x«- 
netetracarboxyHc acid; IXXVI, iwifeo-KHTCA, (LS,3R4S)-l-hydroxy-I,3,4,6-hexanete- 
tracarhoxylic acid; LXXVTI, L-/yx»-HHTCA, (li2,3S,4S)-l-hydroxy-l,3,4, 6-hexanetetra- 
carbaxylic acid; LXXVTII, coenzyme A ester of (LR,3/2,4SM-hydroxy-l,3,4,6-hexanete- 
tracarboxylic acid; LXXIX, coenzyme A ester of (LS,3K,45M-!iydroxy-lA4, 6-hexanete- 
tracarboxylic acid; LXXX, L-cryiAro-(E)-l,3,4,^-hcx-3-eneteti'acarboxylic acid, (3R.4S)- 
HETCA; LXXXI, i^A/r<K^1-t,3,4,6-hexa-€netetracarboxylic add, (3S,4S)-HETCA; 
IJOCXII, coenzyme A ester of HTCA, (2J^S,3S2?)-l,3,4 > 6-hcjcanctc^carboxylic add or 
/weso-HTCA; LXXXIII, methanofnraii. 
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The hydrogenation of LXV to Lrcrythro- 1,3,4 ,5-pentanetetracar- 
boxylic acid (LXVIII) and of IXVTl to L-^reo-l,3,4,5-pentanetetracar- 
boxylic acid (LXIX) (Fig. 7, reactions 7 and 8) would both be expected 
to proceed by a trans hydrogenation, as observed in the reduction of fu- 
marate (Tchen and van Milligan, I960), substituted fumarates (Eck and 
Simon, 1994a), and all known examples of the biochemical reduction of 
monounsaturated acids (White, 1980). The archaeal reductions (reac- 
tions 7 and 8) are most analogous to those carried out by either fu- 
maratc reductase or succinate dehydrogenase, which are closely relat- 
ed enzymes (van Hellemond and Tielens, 1994). The thiohfumarate 
reductase for M. thermoautotrophicum AH(MT1850)(Heim«?raZ., 1998) 
has not been found to catalyze the reduction of a mixture of the 1,3,4,5- 
pentenetetracarboxylic acid isomers (R Hedderich, personal communi- 
cation, 1999). We propose a single enzyme for steps 7 and 8, which 
would catalyze the addition of hydrogen to the C-3 re face of either LXV 
or LXVH substrates. In this manner, the absolute stereochemistry of 
this carbon would be fixed in the required (S) configuration for all sub- 
sequent intermediates in this pathway (see later discussion). 

We propose that LXVIII and LXIX are each converted to their re- 
spective CoA thioesters, LXX and LXXII (Fig. 7, reactions 9 and 10), 
followed by reductive carboxylation to l-kcto-l,3,4,6-hexanetetracar- 
boxylic acid (KHTCA) isomers LXXm and LXXIV {Fig. 7, reactions 11 
and 12). Reaction 9 has been confirmed by the demonstration that 
LXVIII is converted to both LXXTJI and LXXIV when incubated with 
IISCoA, HCO", and ATP. The detection of both LXXIII and LXXIV, 
which would result from epimerization of one or more of the asymmet- 
ric centers of the KHTCA molecule, was unexpected. The reason for this 
epimerization has been traced to the rapid exchange of the C-3 hydro- 
gens of KHTCA with the protons of water. This exchange of the C-3 hy- 
drogens of KHTCA is explained by the formation of the enol of the keto 
acid, which generates a vinylogous analog of malonic acid and as a re- 
sult would be expected to have acidic methylene hydrogens leading to 
epimerization at C-3. 

The formation of the CoA thioester of LXVII and LXIX required for 
steps 9 and 10 (and possibly also for steps 15 and 16 discussed later) 
could be carried out by several different routes that have been identi- 
fied in the archaea. These routes could involve the sequential action of 
enzymes related to acetate kinase and phosphotransacetylase (Latimer 
and Ferry, 1993), an enzyme related to acetyl-CoA synthase (ADP-for ru- 
ing) (EC 6.2.1.1.3) (Glasemacher et al, 1997), an enzyme related to the 
coenzyme A-transferases (Jacob et aL, 1997), or more likely an enzyme 
related to acctyi-CoA synthase (Eggen et aL, 1991; Jetten et aL, 1989). 
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The exact route used for the formation of the coenzyme A thiocstcrs in 
HTCA biosynthesis in the methanoarchaea has yet to be established. 

The reductive carboxylation of acyl-CoAthiocsters to a-ketoacids is a 
well-characterized reaction in the archaea. This reaction is known to be 
catalyzed by a-ketoacid ferredoxin oxidoreductases (a-ketoacid oxi- 
doreductases)(Bocke*a£, 1996;HeideretaZ., 1996; Kletzin and Adams, 
1996; Tersteegen et aL, 1997; Yoon et aL, 1996), which are not restrict- 
ed to the archaea (Gehring and Arnon, 1972). These enzymes catalyze 
the reversible conversion of aeyl-CoA thioesters and C0 2 to a-ketoacids 
and HSCoAin the presence of low-potential electron donors/acceptors. 
These enzymes contain thiamine pyrophosphate (TPP) and Fe/S cen- 
ters and appear to proceed by a radical mechanism, as shown in Fig. 8 
(Menon and Ragsdaie, 1997). The largest group of a-ketoacid oxidore- 
ductases have a tetrameric affyS structure, but through gene fusions of 
the subunit genes, enzymes with only one, two, and three subunits have 
also been identified (Bock et aL, 1996; Kletzin and Adams, 1996; Uer- 
steegene* aL, 1997). Several sets of genes for this type of enzyme are pre- 
sent in Af. jannaschii, M. thennoautotrophicum AH, and A. fulgidus 
genomes, one set of which is likely be involved in catalyzing the required 
carboxylation of LXVIII and LXTX in the biosynthesis of KHTCA. 

Incubation of a cell -free extract of M. therrnophila with a mixture of 
the KHTCA isomers, NADH, and NADPH produces about equal 
amounts of the arabino- and Zy3co-l-hydroxy-l,3,4,6-hexanetetracar- 
boxylic acid (HHTCA) diastereomers. This reduction of the KHTCA iso- 
mers (Fig. 7, reactions 13 and 14) could proceed either by a NADH- or 
a NADPH-dependent reduction, such as occurs with the pyridine nu- 
cleotide-dependent 2-hydroxyacid dehydrogenases such as lactate or 
malate dehydrogenase (Kim and Whitesides, 1988), or by a non-pyri- 
dine nucleotide-depcndcnt 2-ketoacid reductase (Neumann and Simon, 
1984; Simon et aL, 1985). Currently nothing is known about the genes 
for the non-pyridinc nuclcoti de-dependent 2-ketoacid reductase. Two 
malate dehydrogenases (Mdh), designated Mdh I and Mdh II, however, 
have been isolated from M. thermoautotrophicum strain Marburg and, 
based on their N-terminal sequences, have most likely been encoded 
from the M. thermoautotrophicum strain AH genes MT1205 and 
MT0188, respectively (Thompson et al,, 1998). 

We have cloned and overexpressed the proteins derived from the M. 
jannaschii genes MJ1425 and MJ0490 and have demonstrated that they 
catalyze the NADH/NADPH reduction of a series of different a-ketoacids 
to (S)-2-hydroxyacids. The enzyme from MJ1425, Mdh I, has been found 
to reduce the equilibrium mixture of the KHTCA isomers to only the 
xylo isomer of HHTCA (LXXI). On the basis of the stereospecificity of 
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Fig. 8. Reaction mechanisms for reactions 11 and 12 (top) and 17 and 18 (bottom) in 
the biosynthesis of the 1,3,4,6-hexanetetracarhoxylic acid moiety in methanofuran (see 
Fig. 7). TPP, Thiamine pyrophosphate; LXX, coenzyme A ester of h-erythro-tfH, 3S>- 

1.2.3.5- pcntanctetrncojrboxylic acid; LXXIf, coenzyme A ester of irthreo-(2S t ZS)- 1,2,3,5- 
pt^terietetracarboxylic acid; LXXVTO, coenzyme A ester of (lR,3K,4S)-l-hydroxy- 

1.3.4.6- hexanetetracarboxylk acid; LXXIX, coenzyme A ester of (lS,3/?.4S)-l-hydroxy-l, 
3,4,6-hexaneiei^acarbaxylic acid; LXXXV, anion of hemithioacetal intermediate; LXXXVI, 
hydroxyethyl-TPP radical intermediate; LXXXVll, carb anion of hydroxyethyl-TPP in- 
termediate; LXXXVin, hydroxyethyl-TPP intermediate; 1 .XXXIX and XCi, kelyl radi- 
cal intermediates; XC, enoxy radical intermediate. 



this enzyme, this isomer is assigned as L-xyZo-HHTCA (LXXI) (see Fig. 
7 for the absolute stereochemistry and structure of these compounds). 
Since this isomer has not been found to be an intermediate in HTCA 
biosynthesis, whereas ryj.-arabino-'HHTCA has been found to be an in- 
termediate, it is concluded that L-arabino-HHTCA (LXXV) and irlyxo- 
HHTCA (LXXVII) are the true intermediates in the pathway. Since 
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there is no mechanism for the stereochemistry at C-3 to change in any 
intermediate in the pathway after LXV, LXVI, and LXVII, the assign- 
ment of the absolute stereochemistry can be made to all of the inter- 
mediates, as indicated in Fig. 7. 

The final steps in the pathway from LXXV or LXXVII to HTCA could 
involve the reverse elimination of water from these molecules to form 
L-erylhro-(E or Z>l,3,5,6-hex-l-enetetracarboxylic acid and ^threo^E 
or Z)-l,3,5,6-hex-l-enetetracarboxylic acid, respectively. After equili- 
bration of these two isomers by racemization at C-3, and specific re- 
duction of the v-erythro-iE or Z)-1-HETCA, the final product HTCA 
would be produced. The occurrence of this racemization is confirmed by 
the rapid exchange of the C-3 hydrogens of £/u/zs-glutaconie acid and is 
a required step in the biosynthetic pathway because of the rneso stereo- 
chemistry of the final HTCA (White et al, 1996). This pathway is con- 
sistent with the experimental observation that incubation of cell ex- 
tracts with DJL-<ira6fno-HHTCA leads to the production of erythro-(E or 
ZJ-l-HETCA and HTCA. 

Although this is a possible route for the final steps in the biosynthetic 
scheme, the experimental evidence would suggest that these last three 
reactions in fact occur with the coenzyme A derivative of LXXV and 
LXXVIL The experimental data show that the conversion of OLrarabi- 
/zo-HHTCA to wythroAE)- 1-HETC A and HTCA is stimulated by the ad- 
dition of HSCoA and ATP to the incubation mixture. This reaction 
would be catalyzed by an enzyme(s) similar to the (RMactyl-CoA de- 
saturase involved in the acrylic acid pathway of lactate metabolism 
(Kuchta and Abeles, 1985; Kuchta et aL, 1986; Hofmeister and Buckel, 
1992) or to the Cfl)-2-hydroxyglutaryl-CoA dehydratase involved in the 
fermentation of glutamate via the hydroxyglutarate pathway (Klees et 
oZ., 1992; Bendart et al., 1993). All of these enzymes are oxygen sensi- 
tive, they all likely contain Fe/S centers, and they all catalyze the elim- 
ination of 2-hydroxyacids with the same (R) stereochemistry found in 
our intermediates. On the basis of the work in Bucket laboratory 
(Buckel and Golding, 1999), reactions 17 and 18 appear to proceed by a 
radical mechanism with ketyl intermediates, as shown in Fig. 8. The 
M jannaschii genome contains a gene for 2-hydroxyglutaryl-CoA de- 
hydratase (MJ0007) and two genes for the activator protein of (#)-2- 
hydroxyglutaryl-CoA dehydratase (MJ0004 and MJ0800). An open 
reading frame predicted to code for the activator protein of (ft)-2-hy- 
droxyglutaryl-CoA dehydratase and the p subunit of (i?)-2-hydroxyglu- 
taryl-CoA dehydratase has also been identified in MetJianopyrus kan- 
deleri (Vorhoit et al., 1997). We have now confirmed that the enzymes 
generated from the protein products of the Af. jannaschii genes MJ0004 
and MJ0007 function as a (J?)-2~hydroxyglutarylCoA dehydratase and 
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are involved in the biosynthesis of [J-glutamate. We thus propose that 
an enzyme composed of the gene products of both the MJ0007 and 
MJ0800 genes is involved in performing the same type of reaction on 
the intermediates LXXVIII and LXXJX. 

Additional support for the involvement of the CoA ester in the final 
steps of HTCA biosynthesis comes from the fact that most of the known 
examples of the reduction of a,P-unsaturated acids occur as their CoA 
esters (Caldeira et aL, 1996; Sedlmeier and Simon, 1985; Weeks and 
Wakil, 1969). One advantage of using a CoA ester in these last steps of 
the reaction is that the carboxylate group of HTCA is activated at the 
correct position for its coupling to the a-amino group of glutamic acid 
in the biosynthesis of methanofuran. 

In summary, we Hud that all of the reactions used in the construction 
of the HTCA molecule are analogous to reactions previously described 
in bacterial metabolism, and each reaction is likely catalyzed by par- 
alogs of the enzymes catalyzing these reactions. This finding is analo- 
gous to that observed in the biosynthesis of coenzyme B. 



Little work has been published on the biosynthesis of coenzyme F 420 , 
a hydride transfer coenzyme that functions in a manner similar to 
NADII ( Jacobson and Walsh, 1984). The most recent work published on 
F 420 biosynthesis is from Racher's laboratory, where it has been demon- 
strated that growing cells of M. thermoautotrophicum readily incorpo- 
rate 5-ainino-6-ribitylammo-2,4Kl#,3^^ (XLIII) (Fig. 
9) and 4-hydroxyphenylpyruvate (XLVI) into the 7,8-didemethyl-8-hy- 
droxy-5-deazariboflavin moiety (LI) of coenzyme F 420 (CVJLll) (Fo) 
(Rcukc et al., 1992). Compound XLIII, an established intermediate in 
riboflavin biosynthesis (Bacher et aL, 1996; Richter et aL t 1997), has 
been proposed to be formed by the same route as that found in bacter- 
ial riboflavin biosynthesis, and thus it represents the last common in- 
termediate in the biosynthesis of riboflavin and Fo. The bacterial path- 
way, however, cannot be completely identical to the proposed riboflavin 
biosynthesis pathway in archaea since the methanoarchaea appear to 
lack GTP cyclobydrolase II, the first enzyme in riboflavin biosynthesis 
(Howell and White, 1997). Gur curreiit i 
lined in Fig; 9;-which show^ 

from GTP, and in Fig/ 10; which shows a possible route for the conver- 
sion of M to coenzyme F 420 . We have established, using incubations 
with cell extracts of M. thermophila, that XLIII and XLVI (Fig. 9) are 
the precursors for the formation of the Fo moiety of F 420 (LI^ and that 
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H»-<J— OH 

CH^OH 

'SSfifcProposed pathway for the biosynthesis of the Fo moiety of coenzyme F^. I, 
Guanosine triphosphate; II, trianiinopyrimidine triphosphate; XL, 2,£hdiamino-6-ribosy- 
lammo-4<3W)-pyrimidinone 5'-phosphatc; XI, I, 2,^ammo-^n1x^lainmo-2,4(l^,3i/)- 
pyrimidinedione 5'-phosphate; XLU, 5-armno^-Tibitylammo-2/iatf.3r^ 
5'-phosphate; XLIlf, o-amino^nl>ityiammo-2,4{ir/,a//Vp>Timidin«dionp.; XLIV, oxidized 
XLIII; XLV, 4-hydroxyphenylpyruvate; XLVI, enol form of 4-hydroxyphenylpyruvate; 
XLVH, condensation product between XJULV and XLVI; XLV1U, XLiX, and L, intermedi- 
ates in the formation of Fo; LI, Fo, 7 ,8-<iidemethyl-S-hydroxy-5-deazariboflavin. 
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The first reaction in the methanogens is catalyzed by GTP cyclohy- 
drolase HI (Fig 9, reaction I). We propose that the triaminopyrimidine 
triphosphate (H) shown in Fig. 9 is the true intermediate in the ar- 
chaeal pathway. This very reactive compound would therefore serve as 
the branch point for the biosynthesis of F 420 , flavin adenine clinu- 
cleotide (FAD), methanopterin, and possibly also the 7-deazaguano- 
sine-containing series of bases found in tRNA nucleosides ( Watanabe et 
aL, 1997). After removal of pyrophosphate from II (Fig. 9, reaction 2), 
the resulting XL would be transformed to XLIII by the same series of 
reactions as occurs in riboflavin biosynthesis. Possible genes in the 
genome of M. jannaschii have been proposed to encode enzymes that 
catalyze the two reactions in the formation of XLIII (Koonin et al, 
1997). These are MJ0430 or MJ1102 for the ribD pyrimidine deaminase 
domain (Fig. 9, reaction 3) and MJ0671 for the ribD pyrimidine reduc- 
tase domain (Fig. 9, reaction 4). We have now confirmed that MJ0671 
is the gene encoding for the pyrimidine reductase and that the gene 
product of MJ0430 is a dCTP deaminase. 

Compound XLIII, after a two-electron oxidation to compound XLTV, 
condenses with XLVI, likely as the enol XLV (Fig. 9, reaction 7), to form 
compound XLVII, which, after the series of indicated reactions, leads 
to the formation of reduced Fo. A proposed series of reactions is shown 
in Fig. 9. Reduced Fo would be readily oxidized to Fo or could proceed 
down the pathway as the reduced form of Fo (HgFo). The involvement 
of oxalate in the biosynthesis of Fo is supported by our demonstration 
of the presence of low concentrations of oxalate in cell extracts of Af. 
thermoautotropkicum and our demonstration of oxalate production in 
a cell extract of M Jannaschii incubated with XLVI and XLIIL Predic- 
tions as to the identity of the enzyme(s) involved in the biosynthesis 
based on sequence comparisons are currently impossible since any 
analogTOSTeactions for comparison are unknown. Wec^siaWe^T^vCTy^ 
likely that a s 



lumazmesynthase in riboflavin biosynthesis (Bachere£a£; 1996). This 

has now been confix 

MJannaschiL 

- ------ - * -, • ■ - ■ - - .... 

We have also studied the formation of the phosphodiester bond in the 
coenzyme structure and find that it is readily formed When cell ex- 
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ly stimulated by iiw^udingm 

uct obtained by treating L-lactic acid with POCLj. At present, we propose 
the pathway shown in Fig. 10 as a possible pathway for the generation 
ofF 420 (F 420 -2)and its 7-glutamyl derivatives {F 420 -l, F^-3, F 420 -4, 
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etc). The first step in this pathway would begin with the GTP-dependent 
phosphorylation of L-Iactate (GH) to b4actyl phosphate (CIII). The re- 
sulting CIII is then phosphorylated by GTP in two consecutive reac- 
tions, first to L-lactyldiphosphate (CIV) and then finally to. L-lactyl 
triphosphate (GV):-This series of reactions is the same that is usedTn 
nature in the biosynthesis of the phosphodiesters in nucleic acids. The 
nature of the compound formed from treating L-lactic acid with POCl 3 , 
which stimulates CVI synthesis, has not as yet been identified, but it is 
known not to be CIV or CV. The current evidence indicates that it is a 
cyclic derivative of CIV that undergoes a ring opening to form CIV, 
which then serves as a precursor to CVT, as shown in Fig. 10. 

We have confirmed the presence of lactoyl phosphate in M. ther- 
mophila and M. thermoautotrophicum AH by gas chromatography- 
mass spectrometry (GC-MS) analysis. We have also shown that cell ex- 
tracts of M. therrnophila incubated with [/iy<2ro3cy- 18 0]lactate and GTP 
produce A8 0-1abe1ed CIDL 

Another important aspect of the coenzyme F^ 2Q structure is the 
presence of -y-linked glutamic acid residues. This structural element 
is also a common characteristic of some of the different methanofurans 
(Daniels, 1993) and folates, and it identifies another common structur- 
al element uniting these coenzymes, as does the pyrophosphate diester 
linkage present in NAD, FAD, coenzyme A, and molybdopterin. The 
mechanism and enzymology for the assembly of the 7-linked glutamic 
acid have been studied in bacteria and in eukaryotes, where the reac- 
tion is involved in the generation of the folyl-'v-polyglutamates (Baner- 
jee et aL, 1988; Garrow et aL, 1992). 

The enzymes responsible for these reactions are the folyi-7-polyglu- 
tamate synthases (EC 6.3.2.17), and they have been found to be mod- 
erately conserved between bacteria and eukaryotes. A paper on the X- 
ray structure of the Lactobacillus casei enzyme reveals that the enzyme 
is a modular protein consisting of two domains, one with a typical 
mononucleotide-binding fold and the other strikingly like that in the fo- 
late-binding enzyme dihydrofolate reductase (Sun et al. t 1998). If the 
archaea contained an enzyme(s) related to this enzyme, we would ex- 
pect at least a portion of the enzyme sequence to have some homology 
to the folylpolyglutamate synthases. However, no open reading frames in 
the genomes of M. jannaschii or M. thermoautotrophicum AH can be 
found that have sequences homologous to any known folylpolyglutamate 
synthase. We have three possible explanations for this finding: (1) the 
sequences of the archaeal enzymes have diverged to such an extent 
from the known enzymes that it is impossible to detect them by se- 
quence homologies, (2) a nonortholog replacement for these enzymes 
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exists in the archaea, or (3) the peptide bond-forming reaction proceeds 
by another mechanism and would thus be expected to use a different 
enzyme. We have also identified an a-glutamyl-liiiked F 420 in M. jan- 
naschii that further establishes biochemical similarities between bac- 
terial metabolism, which also produces a-glutamyi-linked folates (Fer- 
one et al. t 1986), and the metabolism found in the Archaea. 

VI. Biosynthesis of Coenzyme M 

The currently established pathway for the biosynthesis of coenzyme 
M is outlined in Fig. 11. We have established that reaction 3 is carried 
out by the gene product of the M. jannasckii gene MJ1425 (Graupner 
and White, 2000). The TPP-dependent decarboxylation of reaction 4 is 
carried out by the enzyme composed from the two proteins produced by 
the MJ0256 gene, which are designated as ComD and ComE. These cor- 
respond to the MTH1206 and MTH1207 genes in M. tkermoautotroph- 
icum AH. The ComD and ComE proteins make an a c P 6 dodecamer en- 
zyme that is a member of the acetoiactate and pyruvate oxidase family 
of enzymes (Chang, 1992). Both subunits align with different portions 
of the phosphopyruvate decarboxylase (Schwartz et aL; 1998), an en- 
zyme involved in the biosynthesis of compounds containing a P— C bond 
(EidakaetaL, 1995). 

We are currently trying to establish the identity of the other genes in 
the pathway, each of which has an analogous reaction occurring in oth- 
er known enzymatic reactions. These include formation of the sulfonic 
acid derivative by a route analogous to that involved in the biosynthe- 
sis of UDP-suIfoquinovose, an intermediate in the biosynthesis of sul- 
folipids (Fig. 11, reaction 1) (Benning, 1998); the Stickland reaction 
used for reduction of the C—N bond in the thiazolidine intermediate 
(reaction 5) that occurs in D-proline reductase (Kabisch et aL t 1999); and 
a (^elimination of pyruvate and ammonia from sulfoethylcysteine (re- 
action 7) by a reaction like that catalyzed by p-cystathionase (Flavin 
and Slaughter, 1964). 
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